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Lightest scalars as chiral partners of the Nambu-Goldstone bosons 

L. Y. Xiao^ , H. Q. Zhcng^* and Z. Y. Zhou^t 

'^Department of Physics, Peking University, Beijing 100871, China 

We review the spectrum of lightest scalar resonances recently determined using dispersion techniques. The 
conceptual difference between the pole mass and the bare mass (or the line-shape mass) is stressed. The nature 
of the lightest scalars are discussed and we argue, without relying on any model details, that the (t(500), k(700), 
ao(980) and /o(980) may be understood as chiral partners of the Nambu-Goldstone bosons in the linear realization 
of chiral symmetry. But there remains some difficulties in understanding the role of /o(980) in this picture. 



The question on whether there exists a light 
and broad resonance with quantum number 
IJ^ = 00+ below IGeV (for the historical rea- 
son, this resonance is properly called the "cr") 
had been a long standing issue of debate P . The 
major difficulties to accept a may be summarized 
as the following: 

1. The a contribution in LcrM must exactly 
cancel the tttt contact interactions, or more 
generally, background contributions as dic- 
tated by PCAC and the soft pion theorem. 
In the non-linear realization of chiral sym- 
metry, the signia meson is hence not needed, 
at least in the very low energy region. 

2. Being light and broad makes the cr's con- 
tribution to the phase shift hard to be dis- 
tinguishable from background contributions 
while the latter are often out of control in 
various phenomenological studies. 

3. The TTTT phase shift in the 1=0, J=0 channel 
does not pass 7r/2 at moderately low en- 
ergies which should have appeared if there 
exist a light a as required by the standard 
Breit-Wigner description of resonances. 

The above questions can be answered. In elastic 
TTTT scatterings, the background contribution, or 
the left hand cut contribution can be estimated 
at low energies using chiral perturbation theory. 

*Invited talk given by Zheng at QCD06, Montpellier, 
France, July 3 - 7, 2006. 

tPresent address: Department of Physics, Southeast Uni- 
versity, Nanjing 210096, China 



It is found that the background contribution to 
the IJ=00 channel tttt scattering phase shift is 
negative and concave while the experimental data 
is positive and convex, hence demonstrating that 
the a meson is crucial to adjust chiral pertur- 
bation theory to experiments 0, and hence the 
existence of cr is a must. Furthermore, in PKU 
parametrization form |3I4I5| . which may be con- 
sidered as an upgraded Dalitz-Tuan parametriza- 
tion form, partial wave elastic scattering ampli- 
tudes are constructed using dispersion technique, 
and the amplitudes satisfy analyticity and single 
channel unitarity by only assuming Mandelstam 
analyticity. In PKU form the pole contribution 
to the phase shift is constructed explicitly and 
it is easy to verify that, when there appears a 
large width, the pole mass parameter, denoted as 
m, can be totally different from the mass scale 
M where the phase shift contributed by the pole 
pass 7r/2 [3]. Taking the a resonance for exam- 
ple, while m ^ 450MeV, M is of order IGeV. 
The two mass parameters m and M looks quite 
different, but are actually only different faces of a 
single light and broad resonance. The PKU form 
nicely depicts and explains the strong enhance- 
ment of IJ=00 channel tttt scattering phase shift 
over a long range of the center of mass energy, 
which is named as "red dragon" by Minkowski 
and Ochs [H] . Fig. ^ depicts the situation, where 
one sees clearly how a large width distorts the 
pole contribution to the phase shift, comparing 
with the typical narrow resonance /o(980)'s con- 
tribution. The background contribution is not 
depicted in fig. Q since its contribution is found 
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Figure 1, The a pole contribution to the IJ=00 
channel tttt scattering phase shift. See Ref, 2| for 
more information. 



to be small numerically. According to this, it is 
possible to define the mass parameter M for a 
pole properly. Actually in the PKU parametriza- 
tion form each pole's contribution to the S matrix 
is factorized: 



M^{zq) - s + ip{s)sG[zQ] 



M2(zo) 



where 



ip{s)sG[zQ] 



Im[zo] Im[zo p{za) 
Rc[zop{zq)] 



(1) 



G[zo] = 



Im[zo] 



Re[zop{zo)] 



(2) 



In above the mass parameter M is given as a 
function of the pole mass {y/zo = m + *r/2), p 
is the kinematic factor. The pole mass parame- 
ters of a and k are determined to be (in units of 
MeV) HE]: 

m„ = 470 ± 50 , = 570 ± 50 , 

m^^ 694 ±53, r„ = 606±59. (3) 

These results, though with larger error bars, are 
fully compatible with the excellent results ob- 
tained using Roy equations: m„ = 44llg^MeV, 



r,, = 544j:f MeV and = 658 ± 13MeV, 
= 557± 24MeV 0, Comparing with the so- 
phisticated Roy equation analyses which demon- 
strate the existence of the sigma and kappa by 
direct calculation, the PKU approach is more in- 
tuitive, simpler, and without much loss of rig- 
orousness (the theoretical uncertainties from the 
left hand cut in the latter approach is highly 
suppressed). It is worth emphasizing that, even 
if there is no Mandelstam representation, and 
hence analyticity of partial wave amplitudes is 
not established on the whole complex plane, it is 
proved over a large region which is much larger 
than the analyticity domain straightforwardly es- 
tablished from Roy equations, and is certainly 
large enough for any phenomenological applica- 
tion. The PKU parametrization form is remark- 
able in the sense that it is sensitive to the isolated 
singularities not too far from the elastic thresh- 
old. Except the determination on a and k, it is 
also found to be useful in correctly figuring out 
the virtual state pole in the 1=2 s wave exotic 
channel 0], as well as the tiny effect of a virtual 
pole from the 1=0 d wave tttt scattering phase 
shift data |10) , Comparing with the Roy equation 
analysis, the one adopted in the present approach 
are orthogonal calculations, and it is important 
to have calculations using different methods on 
such important outputs and that the final results 
agree with each other. The value on the pole po- 
sitions of a and k obtained using dispersion tech- 
niques, provide useful constraints when discussing 
the structure of the hghtest QCD scalars. 

The first important information is the large 
width of cr and n. The large widths are quite 
often overlooked when discussing the mass spec- 
trum in the literature. It is often attempted to set 
up SU(3) mass relations among pole mass param- 
eters m. However, a light a with a mass around 
500MeV as a bare parameter appeared in the la- 
grangian can hardly produce a large width, in any 
model calculations. On the other side, the param- 
eter M for cr or K can be determined using Eq, ^ 
and the estimated value of the pole positions are 
M„ ~ 930MeV and ~ 1380MeV with sizable 
error bars. It is noticed that the parameter M 
is very much like the bare mass parameter ap- 
peared in a simple K matrix approach, or the 
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renormalized mass in the propagator of loop cal- 
culations, since all of them take the role of deter- 
mining where the phase shift contributed by the 
resonating field passes 7r/2. Parameter M may 
also be called as the line-shape mass. Qualita- 
tively speaking the stronger the resonance couples 
to the TTTT continuum, the larger the deviation is 
between m and M . The situation is illustrated in 
fig. 2. If the comparison is correct, it will lead to 
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Figure 2. The pole trajectory determined from 
Eq. as an illustrative example. The bare mass 
is taken as IGeV. The pole mass decreases as the 
coupling strength, G, increases. The unit is MeV. 



an important conceptual change when discussing 
the possible SU(3) mass relations among hghtest 
scalars: cr, n, ao(980) and also /o(980). Instead 
of comparing different m, on should first exam- 
ine the relations between different "bare" masses, 
M . Since the former quantities associated with 
large widths are severely distorted by the strong 
couplings to the pseudo-goldstone pairs, it is not 
suitable to use them to discuss the SU(3) mass 
relations. For example, we have 

m<x < TO„ < TOao , (4) 

but actually the mass relation should be read as 
IGeV ~ < Ma, < . (5) 



We will argue in the following that the relation 
Eq. (O is consistent with a chiral qq octet de- 
scription to the lightest scalars. Especially the 
bare mass of k exceeds Ma,, hence the original 
motivation leads to the tetra quark description of 
the lightest scalars already disappear. In fact 
it can be proved under mild assumptions, that a 
tetra quark state (or more precisely, a tetra quark 
as the leading component in Fock state expan- 
sions in the large Nc limit) does not exist since it 
violates analyticity There exist a few mass 
relations among the light scalars taking into ac- 
count 't Hooft's instanton effects, in the extended 
Nambu-Jona-Lasinio model 13 : 

M% + Ml ^ 2Ml - gAM^H , (6) 

Ml - Ml 3gA {Ml - M^) , (7) 

where M^y = M^-f M^, -2M| ~ 0.72GeV2 char- 
acterizes the QCD anomaly contribution to the 
scalar sector, and gA is the axial vector coupling 
due to TT - Ai mixing. The above formulas are 
obtained by assuming that the scalars are chiral 
partners of the pseudo-goldstone bosons. They 
are not exact quantities but may serve as a crude 
"first order" approximation. From the mass rela- 
tions it is found that a smaller value of and 
gA is preferred. Taking gA — 0.6 for example [Tl] . 
if taking A/^ = 1.5GeV, then through Eq. ^ 
one would attempt to consider the ao(1450) as a 
member of the chiral scalar octet. But then the 
well established conventional qq state Kq{1430) 
will miss its own SU(3) partner, which is not per- 
mitted. If taking Af^ = 1.2GeV, then Eq. Q) 
tells Mao - l-02GeV, i.e., not far from ao(980). 
The major difficulty in this picture comes from 
the mass of /q. Eq. (6) indicates Mf, ~ 1.2, if 
taking Mf>^^^ ~ IGeV. Taking into account the 
couple channel effects, which are large for /o(980), 
does not seem to be helpful in resolving the dis- 
crepancy. Consider a simple Flatte formula for a 
couple-channel Breit-Wigner propagator, 

BW{s) cx —2 : 2 ■ (8) 

M^-s- ipigf - ip2gl 

where the subscripts denotes different channels. 
For a large above the second threshold this 
expression generates a broad third sheet reso- 
nance and may also generate a light resonance 
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below the KK threshold. But unfortunately the 
light one can only be located on the 4th sheet 
whereas the observed /o(980) is on the second 
sheet. For /o(980) the situation is more compli- 
cated since its bare state /o can also mix with 
/o(1370), etc. Without instanton effects, the a 
and /o are ideally mixed and the latter is \ss >. 
When the instanton effects are taken into account 
/o also contains sizable \hn > content and hence 
may have a sizable mixing with /o(f 370), thus re- 
ducing significantly its mass. Hence we think that 
the bare mass of /o(980) being roughly 250MeV 
above the observed state is not a true difhculty 
in accepting the picture that the a, k, ao(980) 
and /o(980) comprise the chiral partners of the 
pseudo-goldstone octet. This idea is not new |15j . 
The above discussions may however be helpful in 
resolving some confusions and misconcepts widely 
spread in the literature. One simple way to un- 
derstand the difference between the pole mass m 
and the bare mass M is through a proper uni- 
tarization procedure [TB]. One advantage of the 
chiral model with linearly realized chiral symme- 
try is that it is not difficult to explain at qual- 
itative level the large width of a and especially 
the large width of k. It is more difficult to ex- 
plain the latter JTj, unless it possesses a bare 
mass much larger than the pole mass parameter. 
At lower energies one can then further integrate 
out the scalar fields as well as other light reso- 
nances to get a lagrangian with non-linearly real- 
ized chiral symmetry. We stress that the "linear a 
model" here implies a more realistic linear chiral 
model rather than the BPHZ renormalizable toy 
a model, since the latter failed to reproduce the 
LECs of the Gasser-Leutwyler lagrangian [TH). 

The use of dispersion techniques firmly estab- 
lishes the existence of a and k, and also provides a 
reliable determination to their mass parameters. 
The physical meaning of these mass parameters 
are clarified and it is proposed that the lightest 
scalars are chiral partners of the pseudo-goldstone 
bosons. Nevertheless the role of /o(980) in such 
picture remains to be clarified. 
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